Abstract Phenotypic plasticity is an important but often ignored ability that enables organisms, within species-speciWc physiological limits, to respond to gradual or sudden extrinsic changes in their environment. In the marine realm, the early ontogeny of decapod crustaceans is among the best known examples to demonstrate a temperature-dependent phenotypic response. Here, we present morphometric results of larvae of the hairy crab Cancer setosus, the embryonic development of which took place at diVerent temperatures at two diVerent sites (Antofagasta, 23°45Ј S; Puerto Montt, 41°44Ј S) along the Chilean Coast. Zoea I larvae from Puerto Montt were signiWcantly larger than those from Antofagasta, when considering embryonic development at the same temperature. Larvae from Puerto Montt reared at 12 and 16°C did not diVer morphometrically, but sizes of larvae from Antofagasta kept at 16 and 20°C did, being larger at the colder temperature. Zoea II larvae reared in Antofagasta at three temperatures (16, 20, and 24°C) showed the same pattern, with larger larvae at colder temperatures. Furthermore, larvae reared at 24°C, showed deformations, suggesting that 24°C, which coincides with temperatures found during strong EL Niño events, is indicative of the upper larval thermal tolerance limit. C. setosus is exposed to a wide temperature range across its distribution range of about 40° of latitude. Phenotypic plasticity in larval oVspring does furthermore enable this species to locally respond to the inter-decadal warming induced by El Niño. Morphological plasticity in this species does support previously reported energetic trade-oVs with temperature throughout early ontogeny of this species, indicating that plasticity may be a key to a species' success to occupy a wide distribution range and/or to thrive under highly variable habitat conditions.
Introduction
Phenotypic plasticity in larval oVspring of invertebrates has often been discussed as an important mechanism to respond to sudden changes in their habitat, namely temperature and food conditions (e.g. Criales and Anger 1986; Shirley et al. 1987 ). However, quantitative experimental studies on this subject are scarce and most insight is probably available from experimental laboratory studies of decapod crustaceans. There is evidence that phenotypic conditions of larvae may be indicative of their energetic status or conditions experienced during oogenesis like contrasting habitats (Silva et al. 2009 ) and including across geographic temperature gradients (Wehrtmann and Albornoz 1998; Wehrtmann and Kattner 1998; Thatje and Bacardit 2000; Giménez 2002 ). Most of this knowledge is limited to studies of caridean shrimp larvae (i.e. Criales and Anger 1986; Wehrtmann 1991) , which may express high variability in, for example, larval developmental pathways, number of instars, and size and energy contents in response to food and temperature condition. In comparison, and despite known energetic trade-oVs in crab eggs, phenotypic plasticity in crab larvae is generally assumed to be more conservative; a view that might be largely driven by the lack of suYcient information available to date (Anger 2001) and that has already been disproved, for example, for Neohelice (formerly Chasmagnathus) granulata (Pestana and Ostrensky 1995; Cuesta et al. 2002) .
The hairy crab Cancer setosus (Molina 1782; synonymous C. polyodon Poeppig 1836) ranges in its distribution from Guayaquil in Ecuador (2°13Ј S, 79°53Ј W) to the Peninsula of Taitao in Southern Chile (46°00Ј S, 75°00Ј W) (Garth and Stephenson 1966) and is of commercial value to local artisanal Wsheries (WolV and Soto 1992; SERNAP-ESCA 2006; Thatje et al. 2008 ). The early ontogeny, which in C. setosus consists of Wve planktotrophic zoeal and one megalopa stage before reaching the Wrst crab stage (Quintana and Saelzer 1986) , is considered the most delicate part within the life cycle of brachyuran and in particular cancrid crabs (Anger 2001; Weiss et al. 2009a, b) . A unique physiological plasticity to respond to latitudinal and seasonal changes in temperature has been observed in reproductive traits of C. setosus. Among the most conspicuous characteristics is a synchronisation of a single egg batch release with seasonality at the species southernmost distribution boundary in central southern Chile (Puerto Montt, 41°44Ј S), contrasted by multiple annual ovipositions in northern Chile (Antofagasta, 23°45Ј S) (Fischer and Thatje 2008) . In addition, a correlation of changes in egg energy contents and temperature was observed along latitude as well as in subsequent ovipositions in the same female (Fischer and Thatje 2008; Fischer et al. 2009a) . These Wndings are consistent with the concept of a latitudinal gradient in energy provisioning into oVspring of a broad variety of marine invertebrates (for review see Thatje et al. 2005) . The underlying pattern of larger eggs with better energy provisioning at colder temperatures (higher latitudes) is discussed to be an adaptive response to limited food supply and longer pelagic life stage phases (Thatje et al. 2005) . The latitudinal cline in energy provisioning of eggs therewith corresponds with the energy demand of the embryo. Egg development is generally faster at higher temperatures, but causes an altered metabolic eYciency often resulting in a size reduction of later life stages. This has been shown for the Dungeness crab, Cancer magister (Shirley et al. 1987) , the spider crab, Hyas araneus (Kunisch and Anger 1984) as well as for caridean shrimps like Nauticaris magellanica (Wehrtmann and Kattner 1998) , Betaeus emarginatus (Wehrtmann and López 2003) , and Pandalus borealis (Brillon et al. 2005) in laboratory cultures, and for Nauticaris magellanica from the Weld (Thatje and Bacardit 2000) . In C. setosus eggs from a southern Chilean population were larger containing higher lipid content, resulting in bigger larvae than eggs from northern Chile (Fischer et al. 2009b) . Egg development in the southern population is primarily based on the metabolism of energy rich lipids, which Wnally enhances the energetic Wtness of the hatching larvae, and which has been discussed as an adaptive response to colder temperatures and prolonged egg and larval developmental time (Fischer et al. 2009b) .
The size and elemental composition of eggs and hatchlings itself has been subject to some studies, but fewer studies have addressed the question of phenotypic eVects on larvae (Shirley et al. 1987; Thatje and Bacardit 2000; Wehrtmann and Albornoz 2003) . Following the assumption that larval size will follow the known latitudinal cline in egg size, we hypothesise that larvae from Puerto Montt have larger sizes and tested whether the temperature experienced during embryonic development triggers phenotypic plasticity of the zoeal stages in this species. (Fischer 2009 ). Puerto Montt is located close to the southern limit of this species. In Antofagasta Bay, SST is signiWcantly higher than in the surrounding Humboldt Current upwelling system (+2-3°C) due to the bay's particular oceanographic conditions (Piñones et al. 2007) , and thus SST is comparable to the temperature encountered by C. setosus at its northern distributional limit oV Ecuador (Fischer et al. 2009b ). Two females (IDs A, B) (inXuence of temperature encountered during larval development) in Antofagasta were maintained individually in Xow-through seawater aquaria (12 l) at ambient temperature »16.0°C, while four females (IDs C, D, E, and F) (inXuence of temperature encountered during embryonic development on larval morphology) were held in 3,200 l Xow-through aquaria (·12 ind./basin) under natural seasonal temperature conditions (up to 10 months; 16-23°C) in Antofagasta. Larval samples of females C and D were taken immediately after hatching at 16°C in November 2005 and larval samples E and F were taken immediately after hatching at 20°C in January 2006. In Puerto Montt, four females (IDs G, H, I, and J) were held in 500 l aquaria (·9 ind./basin). Here, temperatures were kept constant at 12 (IDs G, H) and 16°C (IDs I, J) in order to simulate the temperature conditions at oviposition and embryonic development from Northern and Southern Chile. The whole embryonic development of the eggs from the early blastula stage on took place at the respective experimental temperature. All females were kept in seawater at a salinity of 34, in a 12:12-h light/dark cycle and were fed ad libitum with living Perumytilus purpuratus. The aquaria were cleaned and water temperature was recorded daily.
Materials and methods

All
Rearing of larvae
Freshly hatched larvae were collected in Wlters receiving water from the overXow of the aquaria. Since most larvae hatched at night, samples were taken every morning. Filters were cleaned every evening to ensure daily larval age did not vary by more than 12 h (after Lovrich et al. 2003) . For the experiment on the inXuence of temperature encountered during embryonic development on larval morphology, samples of freshly hatched, actively moving larvae were taken in Antofagasta (females A-F) and Puerto Montt (females G-J) (Table 1 ). For the experiment of the inXuence of temperature on larval development, solely actively moving larvae of females A and B (Antofagasta) were transferred to bowls with 16°C Wltered seawater and afterwards allowed to acclimate to the experimental temperatures (16, 20, 24°C) . Samples were taken at the Wrst day of each available instar. We were only able to get Zoea II and Zoea III larvae from each experimental temperature, because unfavourable temperatures lead to high mortality rates of C. setosus larvae (Weiss et al. 2009a, b) . Zoea IV and V larvae were only available at the optimum temperature of 20°C (Weiss et al. 2009a ). Larvae were transferred into Eppendorf caps with 4% formalin buVered seawater. Samples were transferred to the Alfred Wegener Institute, Bremerhaven, for further analyses.
Larval morphometry
Digital pictures (Colour view soft imaging system) of each larva were taken using a stereo-microscope (Leica MZ12 5 ). Images were processed with the programme Cell* imaging software for life sciences microscopy (Olympus Soft Imaging Solutions GmbH). All measurements (Fig. 1) were taken along the dorsal surface of the morphological feature. Zoeal total length (TL) was measured from the telson furca along the dorsal curvature to the tip of the rostral carapace spine. The antenna was measured from its tip to the point of attachment at the carapace. The rostral carapace spine was measured from its tip to its basal indentation of the spine between the eyes. The dorsal and lateral spines were measured from the point of attachment of the carapace to the distal tip. The carapace length (CL) was measured from the base of the rostrum to the posterior margin of the carapace. Additionally, the distance between the tip of the rostral and the tip of the dorsal spine was measured (r-d distance). The number of measured individuals per feature is given in Tables 2 and 3. Statistical analyses All data were tested with the Mahalanobis distances test (Mahalanobis 1936) to exclude outliers from analysis. Ratios were transformed with an arcsin transformation prior analysis. The eVects of temperature and location on instar characteristics were analysed with analysis of variance (ANOVA). Normal distribution of the dataset was tested with a Saphiro-Wilk W test. Post-hoc tests were conducted with the student's t-test.
Results
Geographic diVerences
Freshly hatched Zoea I larvae of females reared at 16°C in Puerto Montt (southern Chile) were signiWcantly larger in all measured parameters than Zoea I larvae of females reared at 16°C in Antofagasta (northern Chile; Fig. 2) . In Puerto Montt, TL of freshly hatched Zoea I larvae was 13% longer (p = 0.0031, f = 9.55); the rostral spine was 5% longer (p = 0.0093, f = 7.24), the dorsal spine was 7% longer (p < 0.0001, f = 18.98), the lateral spine was 4% longer (p = 0.0088, f = 7.37), the r-d was 17% longer (p < 0.0001, f = 52.86), the carapace was 10% longer (p < 0.0001, f = 26.68) and the antenna was 4% longer (p = 0.0007, f = 12.76) than in Antofagasta (Fig. 2) . The ratio of the measured parameters versus the carapace length (CL) revealed signiWcant diVerences between the two locations. The TL:CL (p = 0.0001, f = 17.09), the r-d:CL (p < 0.0001, f = 2129.98), the RS:CL (p = 0.0003, f = 14.66), the DS:CL (p < 0.0345, f = 4.70) and the Antenna:CL (p < 0.0001, f = 1335.30) were signiWcantly longer in larvae from the Antofagasta region (Table 4) .
Temperature eVect during embryonic development Freshly hatched Zoea I larvae which experienced embryogenesis at 16 and 20°C in Antofagasta (Fig. 3a) revealed that larvae with embryonic development at colder temperatures have signiWcantly (16%) longer total length The ratio of appendages and CL showed that freshly hatched Zoea I reared at 20°C had slightly shorter spines than larvae reared at 16°C; this eVect was signiWcant (p = 0.0203, f = 5.71) in the TL:CL ratio (Table 4) . Freshly hatched Zoea I larvae from Puerto Montt in contrast, which experienced embryogenesis at 12 and 16°C did not show any signiWcant diVerences in the measured parameters (total length, r-d distance, rostral spine, dorsal spine, lateral spine, and antenna) (Fig. 3b) or in the calculated appendages versus carapace length ratios.
Temperature eVect during larval development
In Antofagasta, Zoea II larvae reared at 16, 20, and 24°C showed signiWcant diVerences in larval TL (p = 0.0468, f = 3.40), the length of the rostral (p = 0.0009, f = 8.76) and dorsal spine (p = 0.0014, f = 8.13), the r-d distance (p = 0.0001, f = 12.07) and the CL (p = 0.0072, f = 5.64) (Fig. 4a) . In those diVering parameters larvae reared at 24°C were signiWcantly smaller than larvae at 16 and 20°C, except for the larval TL at 16°C, which showed an intermediate TL to that found at 16 and 24°C (Fig. 4a) . The appendage versus carapace length ratios showed that the DS:CL was signiWcantly smaller (p = 0.023, f = 4.24) in Zoea II larvae reared at 24°C (Table 4) . Additionally, those larvae showed deformations of the carapace and the dorsal spine; the dorsal spine is not broken, but reduced and the carapace shows lateral bulging (Fig. 5) . Zoea III larvae were only available at 16 and 20°C, because all larvae maintained at 24°C died during ecdysis, as this is known to be the most critical point during the larval cycle (Anger 2001; Weiss et al. 2009a) . Zoea III larvae reared at 20°C were signiWcantly smaller than those reared at 16°C, as evident in total length (p = 0.0159, f = 8.39), r-d distance Fig. 4b ). The appendage versus carapace length ratios showed that larvae reared at 20°C have shorter appendages, but this was only signiWcant in the RS:CL (p = 0.0196, f = 6.64).
Discussion
In the present study, the intraspeciWc variability of morphological characteristics of Cancer setosus early zoeal stages in relation to rearing temperature and geographical origin is . Animals from colder regions have to invest less energy in the maintenance of the standard metabolism and therefore can direct more energy into growth. Fischer et al. (2009a) suggested that blastula eggs of C. setosus at Puerto Montt at 12°C were provided by 30% more fatty acids as blastula eggs produced in Antofagasta at 20°C, and larvae utilise a higher percentage of fatty acids at colder temperatures. Indeed, these Wndings may indicate that a metabolism based on fatty acids might produce larger larvae. Surprisingly, the appendages of freshly hatched Zoea I larvae from the Antofagasta region were relatively longer than those in Puerto Montt. This might be explained by a thermal acclimation of larvae. In the Antofagasta region 16°C can already be regarded as a cold temperature, where the formation of longer spines can serve as a protection against predators during the elongated pelagic life phase. Another explanation would be that instead of an increase in size, warm temperatures might result in the rapid formation of morphological structures due to a certain imbalance between development and growth (Wehrtmann and López 2003 and publications cited therein) .
A comparison of the morphology of freshly hatched Zoea I larvae of females from Puerto Montt reared at 12°a nd 16°C did not show any diVerences in total length, r-d distance, rostral spine, dorsal spine, lateral spine, carapace length, antenna or in the calculated ratios of appendages versus carapace length. The energy provisioning with higher lipid content of larvae from the south seems to act as a protection shield not only for unfavourable conditions like food shortage but also makes larvae more tolerant to temperature changes.
Freshly hatched Zoea I larvae from the northern region in contrast show a morphological variability when embryonic development took place at comparable temperature ranges. Again, larvae reared at colder temperatures were larger indicating that development that is mainly based on protein depletion may be more sensitive to temperature changes. DiVerences in the morphological characteristics are especially pronounced in TL, the rostral spine, and the r-d distance. All these parameters include the rostral spine. Shirley et al. (1987) showed that a subtraction of the rostral spine from parameters measured prohibit signiWcant diVerences. This is not the case in the present study, but nonetheless the characteristic of the rostral spine seems to be sensitive to temperature.
A diVerentiation of two diVerent species of Pachygrapsus was not possible by means of morphological traits in larvae, but through adult morphology and genetic analyses (Schubart et al. 2005) . Larvae in this study from diVerent oceans and coasts (East PaciWc, West Atlantic east Atlantic) but from similar temperature regimes showed highest similarity in morphometric traits. These examples may suggest that within limits temperature has a more pronounced eVect on larval morphology than genetic deviation. This is supported by the circumstance that C. setosus exhibits very little genetic diversity along its entire distribution range (Gomez-Uchida et al. 2003) .
The comparison between Zoea II larvae reared at diVerent temperatures showed that warmer temperatures lead to signiWcantly smaller larvae, independent of the instar, at 24°C, a temperature typically found during strong El Niño events (SHOA 2009). These observations coincide with the approximate upper thermal tolerance threshold suggested for larvae of the species (Weiss et al. 2009b) .
Regarding the r-d distance measured by Quintana and Saelzer (1986) from larvae of the region of Concepción it is apparent that although Concepción is 13° south of Antofagasta and water temperatures are lower (11-14°C), larvae measured in that study seem to be generally smaller. This might be due to the measurement technique used in their study. In the present study the r-d distance was measured along the curvatures, whereas Quintana and Saelzer (1986) measured the straight distance between both spine tips (see Quintana 1981) . A comparison with cancrid decapods from the North Sea, Cancer pagurus, shows that larvae of this congener hatch with much larger sizes (»2.5 mm r-d distance) (Ingle 1981; Hartnoll and Mohamedeen 1987) than larvae of C. setosus over its distributional range, but the Wnal zoeal instar (Zoea V) of larvae reared at 20°C in the present study has nearly the same size in both species (»4.83 mm). This is also reXected in the cumulative growth rates measured in carbon gain (from ZI to ZV) (Weiss et al. 2009a, b) . Those are exceptionally high for C. setosus (2,940%) and comparably low for C. pagurus (876%).
Morphological variability in decapod larvae has been frequently discussed as an ecological strategy and adaptation to changing environmental conditions (Anger 2001). Those energy saving traits of producing larger eggs and early larval instars at higher latitudes (colder temperatures) once more support the controversially discussed but often supported "Thorson's rule" (Mileikovsky 1971; Clarke 1993; Thatje and Bacardit 2000) that appears to be particularly useful for the evaluation of energetic trait-oVs in decapods . Fischer et al. (2009b) found more energy rich fatty acids in the southern than in the northern population eggs, independent of the incubation temperature. This might indicate a genetic adaptation to colder temperatures and might be a selection in the direction of non-feeding larvae and hence towards lecithotrophic development, which is indicating the beginning of an abbreviated development (Thatje et al. 2005) . It is widely accepted, that a development with many larval stages represents a phylogenetically ancestral state, while an abbreviation of the larval stage is said to be derived (Strathmann 1978; Anger 2001) . Especially in an unfavourable habitat for planktotrophic, extended larval phase (short period of food availability, temperatures close to the lower limit, and high predation pressure) an abbreviated larval development would enhance survival rates. Quintana and Saelzer (1986) showed that zoeal development of C. setosus larvae of a population from Coliumo Bay (Concepción, central Chile) takes about 60 days under natural temperature conditions (13.5-14.6°C), while larvae from the Antofagasta region have a 1.5 times exceeded zoeal development at 16°C and show higher survival rates (Weiss et al. 2009b) , and larvae from Concepcion are capable to develop through all zoeal instars at lower temperatures. These Wndings indicate a better cold adaptation of larvae originating from a southern population (see also Fischer and Thatje 2008; Fischer et al. 2009a) and from an evolutionary point of view could be considered ancestral to further abbreviated larval developments (Strathmann 1978) , which is favourable for larvae from colder regions.
Although acclimation to colder temperatures leads to a relatively short larval development, the pelagic phase might still be longer in the southern population, where larvae are subject of predation for a longer period of time. However, a synergetic eVect of a larger total length and elongated spines in colder regions might be that larvae stand better chances for survival by being protected from certain predators.
The herein reported phenotypic plasticity in early zoeal larvae enables this species to locally respond to some extent to the inter-decadal warming induced by El Niño, but it should be underlined that strong EN events exceed the upper temperature threshold in this species and are lethal for larval instars.
